We use a network of molecularly linked gold nanoparticles (NPSAN: nanoparticles selfassembled network) to demonstrate the electrical detection (conductance variation) of a plasmon-induced isomerization (PII) of azobenzene derivatives (azobenzene bithiophene : AzBT). We show that PII is more efficient in a 3D-like (cluster-NPSAN) than in a purely two-dimensional NPSAN (i.e., a monolayer of AzBT functionalized Au NPs). By comparison with usual optical (UV-visible light) isomerization of AzBT, the PII shows a faster (a factor > ∼ 10) isomerization kinetics. Possible PII mechanisms are discussed: electric field-induced isomerization, two-phonon process, plasmon-induced resonant energy transfer (PIRET), the latter being the most likely.
Networks of metal nanoparticles linked by molecules (or for short NPSAN: nanoparticles self-assembled network) are very valuable and useful in molecular electronics to study fundamental electron transport mechanisms, as well as to assess their potential applications in nanoelectronics. [1] [2] For instance, NPSANs with simple molecules (alkyl chains, short π-conjugated oligomers) have been used to gain new insights in metal-insulator transitions, [3] [4] plasmon enhanced photoconductance, [5] [6] [7] and co-tunneling, [8] [9] [10] [11] while NPSANs with relative complex molecules give access to functional devices such as optically [12] [13] [14] [15] and redox 16 driven molecular switches, molecular memory and negative differential resistance, [17] [18] and unconventional computing approaches. Bose et al. demonstrated the training of molecule/ nanoparticle networks via genetic algorithms in an alkylthiol capped Au NPs network dominated by Coulomb blockade below 5K. 19 Viero et al. 
demonstrated that NPSANs of Au
NPs functionalized by optically driven molecular switches exhibit both optically driven reconfigurable logic operations and reconfigurable strongly non-linear electron transport and dynamic behaviors (high-harmonic generation) required for reservoir computing. 20 In molecular electronic plasmonics (see Ref. 21 for a review), molecules chemically grafted, or deposited as thin films, on metallic nanostructures are used to modify the local surface plasmon (LSP) frequency depending on their molecular states (i.e., redox state, conformation or configuration, dipole moment changing the dielectric constant around the metal nanostructures), which, in turn, can be controlled via an applied bias. [22] [23] [24] [25] [26] [27] [28] [29] Optical inputs can also be used, for example, the photoisomerization of photochromic molecules (azobenzene, diarylethene, or spiropyran derivatives) directly bound to metallic nanoparticles or nanostructures changed the frequency of the LSP resonance. 22, [26] [27] [28] This plasmonic detection of the isomer state of the photochrome molecules has been observed at a single nanoparticle level. 30 Plasmon resonances can be also detected by electric means with tunnel junctions via optical rectification where the surface plasmon modes modulate the tunneling current flowing across the junction. [31] [32] Several authors reported an increase of the tunnel current measured through various metal/molecules/metal junctions when these devices are irradiated by light with the same frequency as the plasmon resonance frequency; [32] [33] [34] [35] [36] [37] 7, 38 this phenomenon (also called plasmon-assisted tunneling (PAT)) can be modeled based on a photon-assisted tunneling model initially introduced by Tien and Gordon. 39 Plasmonic electronics is also interesting for applications in quantum plasmonics. [40] [41] For example, the conductivity of an organic semiconducting thin film is increased when strongly coupled to the plasmonic modes of a nanostructured metallic layer, 42 and tunneling charge transfer plasmon (tCTP), resulting from quantum interactions between tunneling electrons and plasmonic nanostructures, was recently demonstrated in molecular tunnel junctions of various molecules connected between two NPs. [43] [44] Albeit the isomerization of molecules attached onto a NPs induced by LSP excitation (here referred to as PII: plasmon-induced isomerization) has been observed from purely optical methods (Raman or fluorescence spectroscopies), [45] [46] [47] [48] the modulation of the electrical conductance of a molecularly functionalized NP network induced by PII of the molecules decorating the NPs has not been reported. Here, we combine NPSANs and molecular plasmonics to demonstrate the electrical detection (conductance variation) of PII of azobenzene derivatives (azobenzene bithiophene: AzBT). These molecules are linked to gold nanoparticles and embedded in a planar nanodevice consisting of NPSANs contacted by nanoelectrodes separated by 100-200 nm inter-electrode gaps. We show that the PII effect is observed in the cluster-NPSANs due to an efficient enhancement of the LSP resonance through an antenna effect, while a weak effect is observed in 2D-NPSANs (i.e., a monolayer of AzBT functionalized Au NPs). The usual optical isomerization of AzBT (UV-visible light) is also electrically detected in both 2D-and cluster-NPSANs with similar kinetics for both types of devices. In sharp contrast, due to PII, the switching kinetics are faster by a factor of ∼10 .
In this study, we focus on AzBT ( Fig. 1-a) -capped gold nanoparticles (AuNPs, Fig. 1 b) that were synthesized by ligand exchange reactions from a suspension of citrate-capped AuNPs, 10 nm in diameter, in the presence of AzBT. The details of the synthesis of AzBT molecules, the preparation of the AzBT NPSANs, and the deposition of the NPSANs on two nanoelectrodes, have been reported by us before 15, [49] [50] and are briefly described in the Methods. The choice of this molecule is motivated by the fact that high conductance ratios between the two photoisomerizable states (trans and cis) have been observed when these molecules are self-assembled as a monolayer on Au surfaces 50 and embedded in NPSANs. 15 Since the plasmonic effect is very sensitive to the geometry of the NP assemblies, which act as antennas for the detection and the amplification of the incident electromagnetic waves, [51] [52] we fabricated two types of devices: monolayer and multilayer NPSANs were deposited within the electrodes leading to the hereafter named 2D-NPSAN ( Fig. 1-c ) and cluster-NPSAN ( Fig.   1-d) . 
nm). Dashed lines (guide to the eyes) indicate the location of the electrodes underneath the NPSANs
Effect of the plasmonic excitation.
To study the effect of a plasmonic excitation, we preconfigured the NPSANs with the AzBT such that a maximum number of molecules were in their trans or cis state by illuminating the NPSANs at 365 nm and 470 nm (for 1-1.5 h), respectively. This preconfiguration is followed by a period in dark (typically 10-20 min) until a stable current was reached, then we illuminated devices at 590 nm to excite the LSP for 3-15 min until a stable current was observed (see Methods). We recorded the time evolution of the current through the NPSANs at a constant dc voltage of 2.5 V (see Methods). This voltage was chosen because the junctions remain stable and the currents albeit weak are above the noise levels.
For the 3D NPSANs preconfigured with the AzBT trans state (illumination at 470 nm for ca. 1h), Fig. 2 -a shows the current vs. time, I(t), curves recorded under LSP excitation starting from devices in the dark followed by illumination at 590 nm and, subsequently, turning the light source off rendering the devices again in the dark. Fig. 2-b shows the results for the NPSANs preconfigured with AzBT in the cis isomer (illumination at 365 nm for ca. 1h). The current increases when the AzBT molecules are preconfigured in their trans state ( Fig. 2-a) while it decreases for the cis state ( Fig. 2-b) . The time constants are 90 ± 9 s and 103 ± 10 s (i.e., not significantly different) for both types of devices, respectively. The value of the difference in current before and after illumination, ΔI, for the trans-AzBT devices is 4 pA, but the value of ΔI of -70 pA is more than one order of magnitude larger for the cis-AzBT devices. Here, the relative current amplitude variations are 10 to 20 % of the steady-state currents before illumination. Moreover, when the 590 nm light source is switched off, the current remains stable. (Fig. S2, supporting information). We have not obtained a stable dark current (as in cluster-NPSANs, Fig. 2) before turning on the LSP excitation light at 590 nm. This is likely due to the metastable character of the cis state at room temperature in the dark, which spontaneously returns to the trans state. 53 We rationalize the feature that a more stable cis state in the dark is observed for the cluster-NPSANs by rising the hypothesis that the NPs are more closely packed in the cluster than in the 2D layer, reducing the free space around the AzBT molecules and consequently reducing the cis-to-trans spontaneous back isomerization efficiency. For example, it was observed that the cis state, in dark at room temperature, can be stable up to several hours in densely packed azobenzene SAMs. 50 Under this condition, when we apply the LSP excitation, a large fraction of the AzBT molecules have turned back to the trans state and we again observe a current increase ( Fig. 3-b) as in the case with the preconfigured trans state ( Fig. 3-a) . Exponential fits give rising time constants of 22 ± 4 s and 63 ± 7 s in both cases, respectively. The value of ΔI is in the range 1 to 4 pA, i.e., relative current variations around 0.5 % of the steady-state currents, much lower than in the case of the cluster-NPSANs. 
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UV and visible light photoisomerizations.
For the sake of comparison, we also measured the kinetics of the AzBT photoisomerisation in the NPSANs under usual UV and visible light illuminations 15 Table S1 ). The main observation is that these kinetics are markedly different from those measured under excitation at 590 nm (Figs. 2 and 3), which indicates that different mechanisms are involved.
"
Figure 4. Current vs. time traces recorded from 2D-NPSANs, (a) for the trans to cis isomerization (under 365 nm illumination), and (b) for the cis to trans isomerization (under 470 nm illumination). Current vs. time traces recorded from cluster-NPSANs, (c) for the trans to cis isomerization (under 365 nm illumination ), (d) for the cis to trans isomerization (under 470 nm illumination at 2.5 V electrode spacing of ∼150 nm and ∼ 200 nm, respectively).
Discussion of mechanisms under plasmonic excitation.
Several hypotheses have to be considered to explain the current increase under light (590 nm) illumination. Since there is no optical absorbance of the AzBT molecule at 590 nm, 49 a direct trans-to-cis and cis-to-trans photoisomerization can be ruled out for the observed changes in current under illumination shown in Figs. 2 and 3. Since the optical excitation energy at 590 nm (2.1 eV) is lower than the molecule HOMO-LUMO gap (3.4 eV 49 ), we do not believe that photocurrents, as reported for networks of NPs functionalized by conjugated molecules 54 and molecular junctions, 55 are important in our devices. We also dismiss thermal effects associated with the absorption of the light as it has been reported for NP arrays involving the LSP in Ref. 6 . In this latter case, an increase of the current of 5 pA was obtained under 4.1 kW/cm 2 illumination. 6 Considering that we use much lower power of 10 mW/cm 2 , we can safely dismiss thermal effects. For these reasons, we believe that excitation of the molecules is possible via the LSP resonance of the gold NPs.
It is well known that plasmons can increase tunneling currents flowing across tunneling junctions; this process is called plasmon-assisted tunneling (PAT). [32] [33] [34] [35] [36] [37] However, the slow rising response times (∼ 20-100 s, Figs. 2 and 3 ) cannot be explained with PAT as tunneling events occur on 1fs time scales, plasmon lifetimes are on the order of tens of fs time scales. Consequently, when the light is switched off, the current must decrease almost immediately, which was not observed in our case. Moreover, we can estimate the PAT current using the same model as Vadai et al. 37 , based on Tien-Gordon model. 39 The plasmon field is treated as a local potential Vω across the NP-molecules-NP junctions, which oscillates at the plasmon frequency ω. This potential is given by : 37 "
where Gdc is the single molecule conductance with (Gdc(ω)) and without (Gdc(0)) the light excitation, G0 is the quantum of conductance (7.75 x 10 -5 S), ħ the reduced Planck constant, e the electron charge and T(EF ± ħω) is the electron transmission probability through the junction for electrons at EF ± ħω. We calculated Vω, based on a classical electromagnetic model (see the supporting information) and estimated a typical value of 1.3x10 -7 V, leading to a PAT current to be around 10 -17 A at maximum (see supporting information) in the NPSANs (below the detection limit of our equipment, about 10 fA).
We propose that the observed variation of the current is due to a plasmon-induced isomerization (PII) of the AzBT molecules inserted in the NPSANs. This PII effect is observed for cluster-NPSANs devices with an enhanced effect compared to 2D NPSANS due to an antenna effect. We discuss several hypotheses to explain the AzBT isomerization by a LSP excitation. (ii) A second hypothesis is a two-photon mechanism. This mechanism was observed by fluorescence experiments on Ag nanoparticles decorated with benzooxazine ring derivatives and diarylethene. [46] [47] [48] Here, the LSP excitation at 590 nm requires a significant molecular absorption at around 295 nm. For the AzBT molecules, the absorption at this wavelength is lower (about 1/3) than at the peak of maximum absorption (at 336 nm) but not zero. 49 However, at low light power excitation as in the present case, the probability of a two-photon absorption is several orders of magnitude weaker than direct absorption.
(iii) Plasmon-induced resonance energy transfer (PIRET) 57 is another possible mechanism that enables energy transfer from the LSP resonance towards the shorter wavelength of the isomerization bands of AzBT. The required spectral overlap between the LSP band and the absorbance of the AzBT molecules exists around 400-500 nm in the AzBT-NPSANs (see Fig.   S7 in the supporting information). Distinguishing PIRET and 2-photon process would require measurements varying the light incident power (PIRET scale linearly with light power, albeit 2-photon process scale quadratically), which are not possible with our apparatus. The twophoton absorption probability is 10 -4 -10 -5 smaller than the one predicted to PIRET, 57 thus we conclude that PIRET is the most likely mechanism to explain the PII in AzBT-NPSANs. A plasmon energy transfer process from the NPs to the molecules was also proposed, albeit without molecular isomerization, to explain a light-increase conductance of molecular junctions of hemicyanime dyes. 7, 58 Nevertheless, these hypotheses deserve more detailed theoretical calculations, especially to understand the difference between 2D-and clusterNPSANs.
The time constants measured for the PII (typically from 20 to 100 s, see Figs. 2 and 3) are lower compared to the UV-visible photoisomerization time constants (> 10 3 s, Fig. 4 and Table S1 in the supplementary information, if we except the fast one in the case of the trans to cis isomerization). The light powers are not rigorously the same at the various wavelengths (see Methods) but cannot explain such large differences. Following theoretical calculations by Hush et al., 59 and experimentally reported by Mahmoud, 45 the photo-isomerization time constant decreases with increasing the local dynamic electric field induced by the LSP. The observed decrease of PII time constants compared to usual UV-visible isomerization is qualitatively consistent with the dynamic increase of the local electric field induced by the LSP excitation. We also note that PII time constants observed in our work (20-100 s with a light power of ca. 10 mW, see Methods) are qualitatively consistent with the ones reported in
Ref. 45 (ca. 8 minutes but at a lower light power of 1 mW, thus at a lower plasmonic electric field). Since the plasmonic electric field depends on the inter-NP distance, a related question is whether or not this distance changes upon AzBT isomerization. It is known that trans-cis isomerization of azobenzene functionalized NP embedded in a polymer matrix can induce a large and reversible change of the NP aggregation, due to large change of the dipole moments. 60 Atomic force microscopy images (supporting information, Fig. S9 ) of the AzBT-NPSANs with molecules in the trans and cis states show no measurable modification of the NP network morphology in our case of NPs deposited on a solid surface. Similarly, the modification of AzBT dipole upon trans-cis isomerization, interacting with the plasmonic dipole, can induce some change in the NP-molecule energy transfer. However, we have not seen any significant changes in the PII kinetics ( Fig. 2 and Table 1 in the supplementary information). This is due to the fact that in our experiments, we detect the molecule isomerization kinetics, which is induced by the energy transfer, this latter being much faster (ps regime, see Ref. 57 ) than the AzBT isomerization process itself.
Conclusion
In summary, we demonstrate the electrical detection (change in conductance) of the plasmon-induced isomerization (PII) in a network of gold nanoparticles functionalized with azobenzene derivatives. We rule out several mechanisms, which can also induce conductance changes in molecular devices such as excitonic photocurrent, thermal photoconductance, and plasmon-assisted tunneling (PAT). We discuss several mechanisms for this plasmon-induced isomerization, among them plasmon-induced resonance energy transfer (PIRET) seems more likely than electric field-induced isomerization and two-phonon absorption. The plasmoninduced isomerization is faster (at least a factor 10) than the usual trans-cis isomerization triggered by UV-visible light, which may have practical outcomes for light-driven molecular memories and light reconfigurable molecular circuits.
Methods.
The coplanar titanium/gold (1nm/10nm thick) electrodes connecting the NPSANs were fabricated using standard electron-beam lithography and electron-beam metal deposition on silicon substrate covered by a 220 nm thick thermally grown silicon dioxide. 15 The synthesis of AzBT molecules and AzBT functionalized gold NPs (10 nm in diameter) were performed following protocols already used in our previous works. 15, 49 The 2D-NPSANs were prepared according to already reported methods. [61] [62] More precisely here, we followed After the synthesis of the molecules, the AzBT molecules are mainly in the trans isomer. 63 Before we started our experiments, we ensured all the devices were preconfigured in the either the cis or trans state as follows. Pre-configuration in trans (cis, respectively): the devices were illuminated with the 470 nm (365 nm, respectively) source for typically 1-1.5h.
Then we let the devices in the dark for 10-20 min, before we switched on the 595 nm source (LSP excitation) for 3-15 min till steady state currents were observed.
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2D-NPSAN : corrected current
For 2D NPSANs, it was not possible to obtain a stable current during the preconfiguration, the dark period and the LSP excitation. Figure S1 shows a typical current vs. time recorded for a sequence : pre-configuration in trans (470 nm light), dark, LSP excitation (590 nm) and dark. To extract the corrected current during PII shown in Fig. 3-a (main text) , we subtracted a liner fit (blue line) from the raw data. Figure S2 shows the data when the AzBT are pre-configured in their cis state, and the fitted base line used to calculate the corrected current shown in For the 2D-NPSANs, the trans to cis isomerization reveals several features, starting by a "fast" kinetics with a time constant of the order of τTC1 = 100 s, followed by slower kinetics characterized by multi-exponential behaviors with time constants larger than ∼10 3 s (Fig. S3) . For the cis to trans isomerisation (Fig. S4) ± ħω) is 1 at the maximum. We converted ΔGmol to ΔI, the PAT-induced current in the NPSAN, according to the following approach. Taking 
UV-vis spectrum
LSP simulations
Optical numerical simulations have been performed with a commercial finite element software (Comsol) on a modeled cluster-NPSAN. It consists in gold nanoparticles with 10nm diameter packed in a three-layer closed-packed structure of FCC type, with interparticle separation fixed to 4.5 nm. The cluster-NPSAN lies on a silica substrate, and is illuminated by a plane wave in oblique incidence (45°) from air. Transmission is computed in silica. The dielectric constant of gold is from Johnson and Christy, 4 and size correction has been applied as the diameter of the nanospheres is comparable to the mean free path of the conduction electron in gold. 5 The inter-particle medium is modeled as homogeneous and isotropic, and its dielectric constant has been adjusted in order to match the resonance wavelength of 630 nm obtained in UV-vis measurements (Fig. S7) , which led to a value of 3.8, in agreement with literature for organic materials based on azobenzene derivatives. 6 The obtained M-factor is about 6.5 at resonance.
Then, we have estimated numerically the M-factor as a function of the gap and radius in a dimer of gold nanospheres embedded in an homogeneous medium of dielectric constant 3.8, at a fixed wavelength of 590 nm corresponding to the experimental LSP excitation. Simulations were done using a multi-particle Mie method. 7 The enhancement factor M reaches about 80 for a gap of 1 nm and radius of 15 nm, and drops to 11 for a gap of 4.5 nm and radius 5nm in our case (red cross). This value is slightly larger than in the modeled NPSAN due to increased confinement of light within the dimer. 
Electrical switching of AzBT
In STM studies reported in Ref. 8 , the molecules are lying flat on Au(111) surface, and the samples are in UHV and at 5K. Such configuration and conditions are quite different from our case. Moreover, during the STM measurements, the electric field is applied perpendicular to the surface/molecule whereas in our case, various angles exist between the plasmonic electric field and the molecules covering the Au NPs. This is of prime importance because the orientation of the molecule (i.e. its permanent dipole and the component of its polarizability tensor along the electric field direction) is a key factor for the isomerization. 9 We also note that for Au(100) or Cu(111) surfaces, 10 no switching effect was detected,
showing that these observations are surface dependent, and, to the best of our ! 10 knowledge, electrical switching of azobenzene has only been reported in Ref. 8 .
Finally, STM experiments used a static electric field compared to a dynamic one in our case. 
AFM images.
Figure S9. AFM images of the NPSANs with the AzBT in the trans isomer (left) and cis isomer (right
